Stereotypies are rhythmic, repetitive, fixed, predictable, but purposeless movements that stop with distraction. They occur in children who are otherwise developing typically (primary), as well as in those with underlying neurological conditions (secondary). Complex motor stereotypies (CMS) include repetitive bilateral movements, typically affecting the arms, hands, and fingers (e.g. flapping, waving, wiggling) and are occasionally accompanied by facial distortions, neck extension, and a vocalization. 1 Primary CMS are diagnosed when CMS are observed in an individual with otherwise typical development, i.e. not in the context of autism spectrum disorders (ASDs), Rett syndrome, or blindness or other sensory deprivation.
Primary CMS typically appear before the age of 3 years 1 and have a persistent course. 2, 3 Episodes of CMS last for periods of seconds to minutes, occur in clusters, and may appear many times per day. They are associated with periods of excitement, engrossment, stress, fatigue, and/or boredom, and are readily suppressed by sensory stimuli or distraction. Common comorbidities, based on parent report, for children with primary CMS include attentiondeficit-hyperactivity disorder (ADHD;~30%), tics (~18%), and obsessive-compulsive behaviours (~10%). 2 Aetiologically, a positive family history of CMS has been identified in 25% of families with a child with CMS. 2 Differential diagnoses include complex motor tics, compulsions, and paroxysmal dyskinesias. 4 Pathophysiological hypotheses have also included both psychological causes and abnormality of motor control. 5, 6 A recent electrophysiological study of children with primary CMS found that, unlike voluntary movements, CMS were not preceded by premotor movement-related cortical potentials, suggesting that stereotypies use different pathways from those involved in voluntary movements. 7 Anatomically, motor stereotypies are believed to involve cortico-striatal-thalamo-cortical circuitry and it is likely that they alter synaptic neurotransmission. 8 Recent research, including animal models of CMS, has suggested that distinct frontostriatal pathways underlie habitual and goal-directed behaviours, such that premotorputamen circuitry is associated with habitual behaviours, while ventromedial prefrontal-caudate pathways are associated with reflective goal-directed activity. 9 Although descriptive studies of the phenomenology of primary CMS have increased, 2, 5, [10] [11] [12] it remains unclear whether children with CMS manifest neuropsychological dysfunction beyond atypical movements. Hence, the goal of the present study was to examine behavioural and neuropsychological function in a large sample of wellcharacterized children with primary CMS, and to compare their performance with that of age-and sex-matched comparison children with typical development. Given the preliminary findings from neuroimaging, electrophysiological studies, and animal models, it was hypothesized that children with primary CMS would manifest behavioural deficits in functional skills associated with cortico-striatalthalamo-cortical (especially premotor-putamen) circuitry, thus affecting motor and executive control. A secondary goal was to assess the construct validity of two-dimensional parent report measures of stereotypy severity (i.e. the Stereotypy Severity Scale [SSS] and the Stereotypy Linear Analog Scale [SLAS]), as related to neurobehavioral function. It was further hypothesized that stereotypy severity would be significantly associated with neuropsychological dysfunction.
METHOD
Approval was granted for this study from the Johns Hopkins Medicine Institution Review Board. Each parent of a participant provided written consent and the participants provided verbal assent. Participants (age range 4-12y) were initially screened, via telephone interviews with the parent, to determine eligibility, and then were assessed in a specialized movement disorders clinic (described below). Once enrolled, the parents of the participants completed a structured psychiatric interview about the child by telephone. This was followed by an onsite visit by a researcher, during which the child completed a neuropsychological assessment battery that included measures of IQ, attention, memory, language, and visuospatial and motor skills. During the onsite visit, the parents of the participants completed stereotypy rating scales while the participant was being assessed through neuropsychological testing. Neuropsychological assessment was scheduled within a month of initial screening and completed in a single day.
Participants
Children in the primary CMS group were identified following referral for clinical services to a large outpatient movement disorders clinic. The senior research coordinator (CMB) carried out initial triage of all children referred to the movement disorders clinic. Those children with suspected primary CMS (i.e. those in whom the primary concern on clinical referral included movements that were described as stereotypic in nature), were referred for potential study participation. Following consent the children were screened through telephone interviews with the parent by the research coordinator, who evaluated history of stereotypies, comorbidities (especially ASDs), medical history, and family history for CMS for each participant. Children with a previous history of ASD diagnosis (based on review of medical records and parent report during telephone screening) were specifically excluded from the study. Furthermore, children were also excluded from the study if they demonstrated risk of ASD, based on the Autism Spectrum Screening Questionnaire, carried out during the telephone screening, using a total score of >13 as the exclusion criterion. 12 Children with chronic tic disorders based on telephone screening and clinical assessment were also excluded. Clinical characteristics used to distinguish motor stereotypies from tics included earlier age at onset, rhythmic movements of the upper extremities, a more constant and fixed pattern of these movements, a continuous and prolonged duration, no premonitory urges (in those old enough to report such symptoms), occurrence when engrossed in activity, and suppression by distraction. 1, 5 Thus, children in the CMS group were required to meet the following inclusion criteria regarding their movements: (1) presence of repetitive, purposeless, rhythmic movements with fixed pattern; (2) movements not better characterized as mannerisms, compulsions, or complex motor tics; (3) no reported premonitory urge; and (4) temporary suppression of movements by an external stimulus or distraction.
Seventy potential participants were screened by phone interviews with their parents, 60 of whom met initial screening criteria and were referred for clinical assessment in a specialized movement disorders clinic by a child neurologist. In 13 of the children meeting screening criteria (22%), movements were not observed in clinic. In these children, suspected stereotypies were assessed via video provided by the child's parent; thus, all stereotypic movements were confirmed, either by direct observation or by video. Three children were excluded following screening because they demonstrated behaviours consistent with an What this paper adds
• Children with primary complex motor stereotyopies (CMS) have largely intact neurobehavioral profiles.
• Such children show difficulties in motor coordination and motor overflow.
• The Stereotypy Severity Scale demonstrates promising parent rating construct validity.
• Approximately one-third of children with primary CMS were rated as having (or at risk for) developmental motor coordination disorder.
ASD diagnosis during clinical assessment by the neurologist or neuropsychologist at the time of study visit.
Comparison participants with typical development had been recruited through advertisements in the community, paediatricians' offices, local libraries, and child care centres. They were selected from on-going studies at the Kennedy Krieger Institute and matched individually to participants in the CMS group by age, sex, race, handedness, and socio-economic status (SES). Comparison participants were screened for psychiatric disorders and learning disabilities, either by history or by direct assessment (as described below). Participants in both groups were also excluded if they had ever taken psychotropic medications or had a history of the following: (1) intellectual disability or ASD; (2) known visual impairment; (3) neurological disorder (e.g. epilepsy, hydrocephalus, cerebral palsy, traumatic brain injury); (4) hearing loss less than or equal to 25dB loss in either ear; or (5) chronic tic disorder.
Assessment methods
A list of study assessment methods is provided in Table I . Measures included screening assessments, behavioural ratings of executive functions, psychiatric symptom severity, stereotypy severity, and performance-based neuropsychological measures emphasizing IQ, language, and motor control. As this was an initial neuropsychological study of CMS, a broad range of neuropsychological functions were screened in the assessment battery, so that those areas identified as deficient could be assessed in greater depth in future studies. The battery included those areas hypothesized to be affected in CMS (e.g. executive function, motor skills), as well as those expected to be spared (e.g. language, reading). Performance-based neuropsychological testing was completed during a single day as part of a specific research protocol. Of note, not all study measures were available for every child in the sample because some tests were added to the assessment protocol at different times and some tests did not span the entire age range.
The presence of psychiatric diagnoses was assessed using the Diagnostic Interview for Children and Adolescents (DICA), 4th Edition. 13 The modules administered included present and retrospective reports of ADHD, conduct disorder, oppositional defiant disorder, major depressive disorder, bipolar disorder, dysthymic disorder, separation anxiety disorder, panic disorder, generalized anxiety disorder, specific phobia, and obsessive-compulsive disorder. The DICA was administered by a registered psychology associate, under the supervision of a licensed psychologist. Within the CMS group, behaviour and motor function were rated by parents using the following scales: the Children's Yale-Brown Obsessive Compulsive Scale (CY-BOCS), 14 the Developmental Coordination Disorder Questionnaire (DCDQ), 15 the Repetitive Behaviors ScaleRevised (RBS-R), 16 the Sensory Profile, 17 and the Social Responsiveness Scale (SRS) 18 Severity of stereotypy symptoms was rated by parents using (1) the SSS, 19 a five-item caregiver-completed questionnaire that rates the child's motor stereotypies with regard to number, frequency, intensity, interference, and global impairment during the previous few days; and (2) the SLAS, 19 a 10cm line on which the parents rank their child's stereotypy severity during the past few days from 0 (the best it has ever been) to 10 (the worst it has ever been) by making a mark on the line. Across groups, ADHD symptom severity was rated by parents using the ADHD Rating Scale-IV, 20 and executive functions were rated by parents using the Behavior Rating Inventory of Executive Function (BRIEF) 21 or BRIEF-Preschool version 22 as appropriate for the child's age.
Data analyses
Group differences for demographic variables (age, SES, and handedness), behaviour ratings, and performance-based neuropsychological measures were examined using unequal variance t-tests (Welch-Satterthwaite) for continuous variables and v 2 analyses for categorical variables. For group comparisons and correlations, assumptions for parametric analyses were assessed using Kolmogorov-Smirnov tests for normality of distributions, with non-parametric analyses used as indicated. For measures administered only to the CMS group (i.e. CYBOCS, DCDQ, RBS-R, Sensory Profile, SRS, SSS, SLAS), mean scores from the present sample were compared to published norms (when available) using unequal variance t-tests. Within the CMS group, the associations between symptom severity and neuropsychological functioning were also examined using Pearson's correlations and partial correlations (controlling for IQ and, as indicated, for ADHD symptom severity). In order to control for multiple comparisons, significance was set at p<0.01 for group comparisons and at p<0.005 for correlational analyses. Effect sizes (g 2 p or Cohen's d) were also considered in the interpretation of findings.
RESULTS
The sample included a total of 114 children (57 participants with CMS and 57 comparison participants with typical development matched by age, sex, race, and SES). There were 32 male and 25 female participants in each group. The mean age was 6 years 8 months (SD 2y 4mo) in the CMS group and 6 years 6 months (SD 2y 1mo) in the comparison group. Across groups, the sample was predominantly Caucasian (95% Caucasian, 4% African-American, 1% Asian), and right-handed (86% right-handed, 11% left-handed, 3% mixed). There were no significant group differences in age (t (112) =0.39, p=0.70), racial distribution (v 2 (2) =1.0, p=0.60), or handedness (v 2 (2) =4.83, p=0.09). Based on Hollingshead Index scores, distribution in the sample was 9% low SES, 57% middle SES, and 34% high SES, with no significant group differences in the proportion of children in each range (v 2 (2) =4.80, p=0.10). Based on the DICA assessment, by design, none of the children in the comparison group met the diagnostic criteria for any psychiatric disorder. Within the CMS group, one child met the criteria for oppositional defiant disorder and one child met the criteria for generalized anxiety disorder.
Group differences on neuropsychological measures Behaviour ratings
Means and standard deviations (SD) for parent behaviour ratings of ADHD symptoms and executive functions are listed in Table II , along with the number of children in each group for whom data were available. Group comparisons were made using only available data. There were no significant differences between the comparison and CMS groups in hyperactive/impulsive (p=0.103) or inattentive symptoms (p=0.144) based the ADHD Rating Scale-IV, Home Version. Similarly, there were no significant group differences in parent ratings of executive dysfunction (BRIEF; p=0.080).
Cognitive measures
Means (SDs) for cognitive test performance are also listed in Table II . When compared, the children in the CMS group had significantly lower performance on measures of IQ (p=0.006) than the comparison group, although means for the CMS group on IQ measures were solidly in the average range. Group differences were driven by above average mean scores in the comparison group. Group comparisons for single-word reading did not reach statistical significance.
Motor skills
Children in the CMS group showed evidence of atypical motor coordination and slower overall motor speed ( Group comparisons were also made for all behavioural, cognitive, and motor measures, excluding the two children in the CMS group with comorbid disorders (oppositional defiant disorder and generalized anxiety disorder). The results remained identical after excluding these two participants.
Characterization of function among children with complex motor stereotypies
Means (SDs) for parent ratings of motor stereotypies and associated behavioural features are listed in Table III . Because comparison group data for these rating scales were not available, scores from the CMS group were compared to norms from the published standardization sample when available (Sensory Profile, SRS), or to normative values obtained from the published scientific literature (DCDQ, RBS-R).
Children in the CMS group were rated as having significantly impaired scores (relative to norms) on the RBS-R Stereotyped Behavior Scale and RBS-R total scores, and on the SRS autistic mannerisms scale. Overall mean parent ratings on the Sensory Profile and DCDQ were not significantly different from published norms; nevertheless, based on parent DCDQ ratings, 14% of children in the CMS group were characterized as having 'probable' DCD, 17% as 'suspect DCD', and 69% as not having DCD. In addition, although normative values were not available for the CYBOCS, the severity ratings of the children in the sample were suggestive of low (non-clinical) levels of obsessive-compulsive symptomatology.
Associations between stereotypy severity and neurobehavioral function
Among children in the CMS group, the relationships between neuropsychological test performance, ratings of behaviour, and severity of CMS are listed in Table IV . Comparison normative group data (n=55, ages 4-12y), based on Schoemaker et al. 32 b Comparison normative group data (n=64, ages 6-17y), based on Boyd et al. 33 NA, not applicable.
The two primary measures of stereotypy severity used in the present study were the SLAS (global rating) and the SSS total score. Among the children in the CMS group, these two severity measures were moderately correlated (r=0.31, p=0.035). Based on parent responses to the SLAS, none of the performance-based or parent ratings showed significant association with stereotypy severity. Conversely, using the SSS total score, stereotypy severity was significantly associated with overall parent ratings on the RBS-R (total score: r=0.40, p=0.004), and also with the SRS (autistic mannerisms scale: r=0.59, p=0.001; total score: r=0.58, p=0.001), which is not surprising, given the association between the RBS-R stereotyped behaviour scale and the SRS autistic mannerisms scale (r=0.31). The SSS total score was also significantly associated with ratings of inattention (ADHD Rating Scale-IV: r=0.43, p=0.003), and marginally positively associated with parent ratings of executive dysfunction (BRIEF global executive composite: r=0.41, p=0.006). The association between the SSS and IQ did not reach significance.
DISCUSSION
To our knowledge, this is the first study of performancebased neuropsychological function in children with primary CMS. The findings suggest that children with primary CMS have largely intact neuropsychological profiles, with the exception of isolated difficulties with motor coordination and speed, and an increased rate of motor subtle signs. In addition, there was a subset of children in the CMS group in whom motor coordination problems were identified, such that one-third of the sample was rated as having at least probable DCD. Thus, across assessment methods, children with CMS appear to be at risk of motor dysfunction, even in the (relative) absence of comorbid disorders known to affect motor function, including ADHD, obsessive-compulsive disorder, and autism. Pathobiologically, the proposed hypotheses for motor stereotypies have suggested a motor control abnormality within cortico-striatal-thalamo-cortical circuits, 23, 24 possibly involving a supplemental motor area to the putamen habit-related pathway. 25 Consistent with our hypotheses, the present findings of an motor coordination problem among children with primary CMS suggests the possibility of a disorder within the cortico-striatal-thalamo-cortical circuit, or in contributing regions, such as the cerebellum, that have direct connections to the cortico-striatal-thalamo-cortical circuit. 26 In children with ASDs, stereotyped behaviours have been shown to be negatively correlated with the size of cerebellar lobules VI and VII, and positively correlated with frontal lobe volumes. 27 In the present sample, parent report of the frequency and overall severity of motor stereotypies was associated with parental report of increased attention and executive function difficulties. These results are, thus, similar in many respects to those identified in Tourette syndrome, another common childhood movement disorder. 28 As with Tourette syndrome, it remains unclear how these associated comorbidities are link to the primary movement disorder. Biologically, however, their presence suggests a shared neural substrate involving premotor as well as prefrontal circuitry. For example, in a small number of children with primary CMS, magnetic resonance volumetric imaging showed reductions in frontal and temporal white matter and the size of the caudate nucleus. 29 Future neuroanatomical and neurochemical studies are required to identify and correlate anatomical changes with behavioural activity.
Although group differences were observed on IQ, the performance of children in the CMS group was consistently in the average range for this measure, and group differences were driven by the relatively elevated IQ scores for the comparison group -a frequent finding among highly screened comparison participants. 30 In children with primary CMS, parent ratings of behaviour were also largely intact, such that overall characterization of ADHD and OCD symptomatology, executive dysfunction, and sensory sensitivity was within normal limits. Conversely, parent ratings of repetitive behaviours and 'autistic' social mannerisms were elevated among children with primary CMS, even though children with known ASDs were excluded from this group. These findings suggest that observation of motor stereotypies may trigger parental concern (and thus elevated scores) on behavioural ratings of autism-related social behaviours (e.g. SRS), even among children who are otherwise developing typically. This pattern appears to be the case in the present sample, as increased stereotypy severity was associated with more impairment in SRS Autistic Mannerisms Scale. In these children, elevations on the Autistic Mannerisms Scale were driven by scale items involving motor coordination problems (e.g. 'Is not well coordinated'), motor stereotypies (e.g. 'Has repetitive, odd behaviours such as hand flapping or rocking'), or social difficulties caused by the motor stereotypies (e.g. 'Behaves in ways that seem odd or weird', 'Is regarded by other children as odd or weird'), and thus may not be specific to ASDs. Consequently, the elevated SRS scores may represent false positives among children with primary CMS, and interpretation of these scales should be made with caution.
It is also of note that fewer children in the present study were diagnosed with ADHD than have been reported in previous observational studies. It is most likely that the explanation for this discrepancy is that, in the previous studies, rates of ADHD diagnosis were based on parents answering 'yes' to the question of whether their child had ever been diagnosed with ADHD, whereas, in the present study, a formal psychiatric interview based on DSM-IV 31 was used to characterize ADHD. Moreover, previous observational studies have included children with chronic tic disorders (which are associated with high rates of comorbid ADHD). In our previous studies, 1,2 tics were often observed in conjunction with CMS. In these children, the ADHD symptoms typically occurred before the onset of tics. In the present study, however, children with primary chronic tic disorders were excluded. Thus, the resulting sample represented a group of individuals with a relatively 'pure' condition involving CMS. The relative absence of comorbidities in the sample may have contributed to the relative absence of abnormal neuropsychological findings.
The availability of useful rating scales for the serial evaluation of patients with CMS for clinical trials and for outcomes of behavioural assessment is essential. The present study provides some modest support for the construct (convergent, divergent) validity of the SSS as a dimensional measurement tool for symptom severity. Parent ratings on the SSS were (expectedly) significantly associated with ratings of stereotyped behaviour on the RBS-R, demonstrating initial evidence of convergent validity. Furthermore, the SSS did not correlate with measures of OCD symptoms, reading, or language, suggesting a degree of discriminative (divergent) validity. In contrast, the SLAS, which represents a more global parental rating, showed less predictive validity in our sample and no significant correlation with the measures that otherwise were associated with increased severity ratings on the SSS. Based on these data, it is suggested that the SSS be considered as a primary caregiver rating scale for evaluating severity of motor stereotypies in the context of assessing clinical outcomes. Although caregiver ratings of motor stereotypies and other behavioural concerns (such as those used in the present study) provide an efficient method for assessing the frequency and severity of symptoms, it remains less clear whether more objective observational methods would yield similar patterns of findings. Parent ratings of multiple behaviours in clinically referred samples may produce associations that are driven by overall parental concern. As such, future studies should also assess the validity of the SSS when used in conjunction with more objective direct observational methods.
Strengths of the present study include the assessment of a wide range of behavioural ratings, use of performancebased measures, and the relatively large sample size, which included carefully characterized children with non-autistic CMS. Nevertheless, the interpretation of findings should be considered in light of the missing data for each of the performance-based measures, the absence of a comparison group for the rating scales, and the use of combined measures (BRIEF, Clinical Evaluation of Language Functions, IQ) to accommodate the wide age range in this study (4-12y) . It should be noted, however, that this younger age range was specifically included for examination because of the earlier age at onset of symptoms (most often by age 3y) compared with other behavioural conditions (e.g. OCD, ADHD). 2 In addition, the neuropsychological battery utilized in the present study was broad based in order to screen a wide range of cognitive functions (rather than to provide in-depth assessment of any one domain of function). With this approach, we did not directly assess the full range of executive function skills that might be affected in children with CMS (e.g. planning, cognitive flexibility, working memory). Thus, it will be important to assess these related executive functions in future studies of children with CMS. Furthermore, given that the only academic skill examined in the present study was basic word reading, it will be critical in future studies to assess a wider range of academic skill functions, including reading comprehension, mathematics, and written expression, all of which are more dependent on the development of executive and motor control. An additional limitation involves our method for screening for ASDs (parent report, Autism Spectrum Screening Questionnaire, and clinical assessment), which is not as stringent as applying a research criterion standard (e.g. Autism Diagnostic Observation Scale or the Autism Diagnostic Inventory-Revised). Finally, although the comparison group was matched by age, sex, race, and SES to the demographics of participants in the CMS group, it did represent a cohort recruited for other on-going studies. Thus, future studies of children with CMS are encouraged in which clinical and comparison samples are recruited concomitantly.
